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In 2013 the IceCube collaboration announced the discovery of a cosmic neutrino flux up to PeV
energies, validating neutrino astronomy as the next promising observational technique to explore
the high-energy Universe. The neutrino community is moving forward with the construction of
new facilities to enhance the detection of these elusive particles at higher energies (up to and
beyond EeV) and to increase the statistics at the high-energy end of the IceCube neutrino flux.
Future large volume neutrino detectors, using both the radio Askaryan and the optical Cherenkov
signal, will open the possibility of hybrid detection of neutrino interactions within the polar ice.
In this contribution we present a first calculation of the expected number of events for a simpli-
fied geometry of one radio station located at 200 m depth in the vicinity of a ∼ 10 km3 in-ice
Cherenkov detector, similar to the planned IceCube-Gen2 neutrino observatory. Preliminary sim-
ulations show that a total event rate of ∼ 1 event/year is achievable for a 10-stations array assum-
ing that the Askaryan radio detectors can lower their energy threshold down to ∼ PeV energies.
Such a possibility is currently under study for the future radio extension foreseen as one of the
surface components of IceCube-Gen2.
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1. Introduction
The recent discovery of cosmic high-energy neutrinos by IceCube [1, 2] has paved the path
to multi-messenger astronomy, heralding the beginning of an all new observational era of the ex-
tragalactic non-thermal Universe. Cosmic high-energy neutrinos (E > 100 TeV) are produced in
violent phenomena when for instance cosmic-ray protons are accelerated up to PeV energies and
beyond, and interact with surrounding photons and matter. Being weakly interacting particles, neu-
trinos can escape unscathed from the inner part of cosmic accelerators, providing an unobstructed
and intact view of their sources. Astrophysical neutrinos reaching the Earth can be detected cap-
turing the faint Cherenkov emission from the secondary charged particles produced in their inter-
actions with a transparent medium, such as water or the Antarctic ice, as it is done in IceCube.
At energies above 100 PeV, the cosmogenic production dominates the cosmic neutrino flux.
When ultra high-energy cosmic rays (UHECRs, E > 1018 eV) interact with the cosmic microwave
background (CMB) or extragalactic background light (EBL) photons via the ∆ resonance, they
produce ultra high-energy (UHE) neutrinos from the decay of the resulting pions (an effect known
in literature as the Greisen-Zatsepin-Kuzmin suppression of the cosmic ray flux at Earth [3]). These
cosmogenic, or GZK, neutrinos represent a diffuse flux and can probe the nature of the enigmatic
sources of cosmic rays by providing information about the mass composition of the UHECRs. The
detection of cosmogenic neutrinos will solve the question of whether the observed high-energy
cut-off in the cosmic-ray energy spectrum is indeed due to the GZK effect or due to the exhaustion
of the acceleration mechanism at the sources [4, 5]. In this context, even a null observation of GZK
neutrinos will help to shed light on the existing picture.
Due to the steeply falling flux, the detection of cosmogenic neutrinos is challenging and re-
quires the instrumentation of Teraton-scale volumes. Despite the remarkable success of the optical
Cherenkov technique, the IceCube design is not scalable to such large volumes, and a different tech-
nique is needed to detect neutrinos above 100 PeV. Neutrino interactions in dense media produce
a coherent, impulsive radio signal (Askaryan effect [6, 7]) that can propagate in transparent media
such as the Antarctic ice. Several neutrino experiments (ARA[8], ARIANNA[9], ANITA[10]) are
currently exploiting the high transparency of the Antarctic ice at radio frequencies, where UHE
neutrino signatures are visible over distances of the order of 1 km.
2. Hybrid detection channel
Driven by IceCube’s breakthrough, the IceCube collaboration is proposing a wide-band neu-
trino facility covering energies from 10 TeV to beyond 100 EeV, dubbed IceCube-Gen2, to be built
within the next decade. The future observatory will include an in-ice optical array (with an instru-
mented volume of ∼ 10 km3) for detailed studies of the astrophysical neutrino flux, and a radio
array (200 stations covering an area of ∼ 500 km2 ) for detecting cosmogenic neutrinos [11, 12].
The vicinity of the radio and optical detectors opens the possibility to investigate a new detection
channel, the hybrid detection [13]. Charged current (CC) interactions of νµ or ντ events produce a
particle cascade and a long-ranged charged lepton. The coherent Askaryan radio signal generated
by the particle showers in the ice is detectable by broad-band radio antennas. At the same time the
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resulting high-energy lepton can traverse and be detected by the in-ice optical detector. A sketch
of the detection principle is shown in Fig.1.
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Figure 1: Sketch of the detection principle for a hybrid event. The Askaryan emission (in green) generated
at the interaction point is detected by the radio array. The resulting lepton (a muon in this case) propagates
through the ice generating Cherenkov photons (in blue) detected by the in-ice detector.
Similarly, all-flavor neutrino neutral current interactions (NC) and νe CC interactions could
produce a high-energy cascade inside the in-ice optical detector also detectable by the radio array.
This combined detection will provide an excellent handle on both energy as well as direction and
flavor identification of the original neutrino. Moreover, it will help to lower the energy threshold
of the radio detection using the optical in-ice detector to trigger the radio detection. To study the
viability of this new detection channel we have made a first calculation of the expected number of
events from muon neutrinos. We search for coincident events in a single radio station together with
the in-ice optical detector based only on geometrical effects and energy threshold considerations.
3. Simulation of high-energy neutrino interactions
To characterize the performance of the hybrid detection technique, we simulated the inter-
actions of high-energy astrophysical neutrinos in the polar ice sheet. An isotropic astrophysical
neutrino flux
E2φ(E) = 0.9 ·10−8
(
E
100 TeV
)−0.13
GeV cm−2 s−1 sr−1 , (3.1)
is assumed [14], where the normalization is per flavor and includes both neutrinos and anti-neutrinos.
At energies exceeding 1 PeV, the probability that neutrinos arrive from below the horizon is greatly
suppressed due to Earth absorption. We therefore only consider neutrinos whose zenith angle is
less than 90◦.
The medium for the neutrinos to interact with is the 3 km-thick ice sheet at the geographical
South Pole. Neutrinos and anti-neutrinos of all flavors can interact with the ice nucleons via CC and
NC interactions. In addition, anti-electron neutrinos can interact with electrons via the Glashow
resonance. This channel dominates the interaction cross section around the resonance energy of
m2W/2me ≈ 6.3 PeV. While the cross section for the Glashow resonance can be calculated analyt-
ically, this is not the case for CC and NC interactions. As they depend on the parton distribution
functions, we use the CTEQ5 model [15] to numerically evaluate their cross sections.
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Different interaction types will lead to the production of different secondary particles. NC
interactions always lead to a hadronic cascade with energy y ·Eν , where Eν is the initial energy
of the neutrino and y ∈ [0,1] is the inelasticity parameter. Hadronic cascades are also present in
CC interactions, though they are accompanied by an energetic electron, muon or tauon, which
carries the remaining energy (1− y)Eν . Glashow events result in the on shell production of a W-
boson, which then immediately decays into hadrons (67.4%) or leptons (32.6%) [16]. In the case
of the lepton decay channel, the event topology will depend on the flavor of the lepton. Electrons
induce an electromagnetic cascade. Muons, in contrast, can travel several kilometers through the
ice, stochastically losing energy as they go along. Tauons lead to more complex event topologies,
as they will decay after an average distance 50 ·Eτ/(1 PeV) meters, producing a second cascade.
In this work, we consider all interactions that involve a single cascade and a muon, providing a
conservative estimate of the expected total rate of neutrino interactions.
4. Hybrid detection simulation
The hybrid detector in our study consists of one point, representing the radio antenna at (X,Y,Z)
= (0, 0, -200 m), and a cylinder (height=1 km, radius=1.5 km) representing the in-ice detector
located within 1500 m and 2500 m below the surface. The antenna is positioned at a distance d = 1
km from the edge of the in-ice optical detector footprint.
The simulation chain consists of the following steps:
• A sample of 2× 106 neutrino interactions of all flavors (including Glashow) are generated
and uniformly distributed in solid angle. CC and NC interactions are generated with an
energy spectrum of E−1.1 with E = [106− 1011] GeV. Every event has been given a weight
(expressed in unit of [yr−1]) used to renormalize the generated spectrum to the astrophysical
flux. The generation volume is a cylinder with height = ice sheet (∼ 3 km) and radius =
4 km1. For this study we select only νµ CC interactions.
• A threshold effect for the radio detection is applied by selecting only hadronic showers gen-
erated in νµ CC interaction with E > Eth. The currently operating Askaryan detectors have a
trigger threshold above 100 PeV. New interferometric techniques have been successfully im-
plemented within the ARA experiment and can be used to lower the energy threshold down
to 10 PeV [17, 18]. Moreover, the development of a hybrid trigger, where the information of
a detected event can be passed from the optical to the radio detector, opens up the possibility
to lower the trigger threshold down to 1 PeV. We study the case for Eth = [1 PeV, 10 PeV].
• The geometry of the Askaryan emission is taken into account, selecting only events visible
by the radio antennas. This coherent impulsive radio Cherenkov radiation is generated from
the charge asymmetry in the particle showers at the interaction point. Due to coherence
effects, the strongest emission comes at angles close to the radio Cherenkov angle (∼ 56◦).
Only particle showers having a direction within the Cherenkov cone (θc±2.5◦) are selected.
1Although the attenuation length for radio wavelength is of ∼ 1 km, radio signals can reach the antenna from a
longer distance, within a radius of ∼ 4 km, depending on the energy of the particle shower.
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• Accompanying muons intersecting the in-ice optical cylinder volume are selected. The en-
ergy loss of the muon is calculated analytically using Eq. 4.1:
dE
dx
= a+b ·E, (4.1)
where a = 0.259 [GeV/mwe], b = 0.363·10−3 [mwe−1] [19]. From Eq. 4.1 we can derive the
energy at the entrance of the in-ice volume:
Eµ =
1
b
·
(a+b ·E
eb·ltrack
−a
)
, (4.2)
where ltrack is the muon track lenght in mwe. An additional cut (Eµ > 10 TeV) selects only
those muons leaving a detectable signal in the optical Cherenkov detector.
5. Effective area, sensitivity and expected event rate
To calculate the expected number of events we express the detection efficiency in terms of
neutrino effective area. The effective area is calculated using Eq. 5.1:
Ae f f (E) = N(E) · ∑iwi∆Ω ·φ(E) cm
2 , (5.1)
where N(E) is the number of events for a given energy E, wi is the event weight as defined in
Sec. 4, φ is the astrophysical neutrino flux as defined in Eq. 3.1, and ∆Ω is the solid angle.
Figure 2: Left: Effective area as a function of the energy for different cascade energy thresholds. The dashed
lines are obtained considering all muons reaching the in-ice detection volume, while solid lines include only
muons with an energy Eµ> 10 TeV at the entrance of the in-ice detector. Right: Hybrid detector sensitivity
for one antenna at 200 m depth and an in-ice volume similar to what is planned for IceCube-Gen2. The
detector sensitivity is compared with measurements of the astrophysical flux from IceCube [1], and the most
reasonable GZK models taken from Kotera et al. [20] and Ahlers et al. [21]. The projection for a hybrid
layout with 10 stations is also shown.
The effective area is shown in the left plot of Fig. 2 as a function of the neutrino energy for two
different energy thresholds (1 PeV and 10 PeV) of the radio detection (dashed lines), and a muon
energy (Eµ ) above 10 TeV at the entrance of the in-ice optical volume (solid lines).
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Given the effective area, the detector sensitivity to an isotropic neutrino flux for a zero back-
ground experiment is calculated using Eq. 5.2:
S(E) =
1
4pi ·Ae f f ·T . (5.2)
Fig. 2 shows the hybrid sensitivity for Eth = [1 PeV, 10 PeV] and Eµ > 10 TeV together with
the astrophysical neutrino flux measured by IceCube [1] and two GZK neutrino models taken from
[20, 21]. The projected sensitivity for a hybrid detector with 10 antennas/stations is shown for
comparison.
The number of expected events can be calculated directly from the effective area using Eq. 5.3:
Nν = 4pi ·
∫
dE ·Ae f f · dNdE , (5.3)
where dN/dE represents the differential neutrino flux from different model predictions.
Fig. 3 shows the event rate (per year) as a function of the antenna distance from the in-ice optical
detector. The two plots show results for the two thresholds at 1 PeV (left) and 10 PeV (right) for
the two GZK models considered for this study and the expectation from the IceCube astrophysical
flux, assuming that no cut-off is observed at high energies. We find an optimal distance of ∼ 1 km.
As expected, the number of detectable events strongly depends on the trigger threshold of the
radio detector. In particular, the number of events expected from the astrophysical flux decreases
considerably when a threshold of 10 PeV is applied. This is also visible from the sensitivity plot
shown in Fig. 2.
Figure 3: Number of expected hybrid events per year as a function of the radio-antenna distance from the
in-ice detector, for 1 PeV threshold (left) and 10 PeV threshold (right) of the radio detection. No condition
is imposed to the muon energy.
Considering the best case scenario of a threshold at 1 PeV, and imposing Eµ > 10 TeV, we
calculate the energy distribution of detectable events in one year shown in Fig. 4. The total number
of expected neutrinos varies from 0.1 to 0.2 events/year depending on the considered flux. To
maximise the effective volume, radio stations are generally deployed at a distance of 1.5-2 km,
so that they will monitor independent volumes. For this reason, the expected number of events
increases linearly with the number of stations. For a hybrid detector layout with 10 antennas an
event rate ∼ 1−2 events/year is achievable.
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Figure 4: Energy distribution of the hybrid events expected from different GZK models and the IceCube
astrophysical flux. The histograms show the case for a radio detection threshold of 1 PeV and a final muon
energy reaching the in-ice detector bigger than 10 TeV. The total number of events per year (integral of the
histograms) is reported in the legend.
6. Conclusions
Plans to build a new neutrino facility within the next decade have already started at the South
Pole. The IceCube collaboration is proposing the construction of the next-generation neutrino ob-
servatory IceCube-Gen2. The future observatory will include a high-energy optical in-ice array
extension of the IceCube detector, and a radio array for UHE neutrino detection. In this contribu-
tion we have studied the viability of a radio-optical coincident (hybrid) detection, considering only
one radio antenna and an in-ice volume similar in size to what is planned for IceCube-Gen2. The
event rate expected from the hybrid channel depends on the trigger threshold of the radio detector.
For a threshold of 1 PeV, a rate of ∼ 1− 2 events/year is expected for an optimized layout with
about 10 radio stations. The expected event rate for a higher threshold of 10 PeV, achievable by the
current instruments, remains too small even for an extended hybrid configuration with 10 antennas.
The feasibility to lower the trigger threshold to 1 PeV needs to be investigated further. One possible
avenue is the design of an ad-hoc hybrid trigger, where a trigger is sent from the in-ice optical to the
radio detector. Although challenging, the possibility of such trigger could be investigated within
the proposed Radio Neutrino Observatory (RNO) [22], a pathfinder for the Gen2-radio component.
Alternatively, a new radio detection technique based on radar reflection has been recently proposed
[23]. High-energy neutrinos interacting in ice will induce a particle shower that, moving at the
speed of light, will ionize the medium leaving behind a plasma tube made of electrons and protons.
First studies show that a radar device will be able to measure the reflection of radio waves from
the induced ionization plasma [24], opening the possibility to cover the unexplored energy region
between several PeV, where IceCube runs out of events, and a few EeV, where the Askaryan detec-
tors begin to have large effective volumes. The lower energy threshold of the radar detection with
respect to the direct Askaryan radio signal, and the 4pi distribution of the scattered signal will boost
the hybrid technique in a cost-effective way.
7
Hybrid detection of UHE neutrinos S. Toscano
Acknowledgment
The authors acknowledge the funding from the Belgian Funds for Scientific Research (FRS-
FNRS and FWO), the FWO programme for International Research Infrastructure (IRI), and ERC-
StG (no. 805486, K.D. de Vries) of the European Research Council (ERC).
References
[1] M. G. Aartsen et al. (IceCube Collaboration), Phys.Rev.Lett., 113:101101, 2014.
[2] M. G. Aartsen et al. (IceCube Collaboration), Science 342 (2013) 1242856.
[3] Greisen, K, Physical Review Letters 16, 748 (1966); Zatsepin, G. T. and Kuz’min, V. A., Journal of
Experimental and Theoretical Physics Letters 4, 78 (1966).
[4] A. Aab et al. (Pierre Auger Collaboration), Phys. Rev. D 90, 122006 (2014).
[5] R. Abbasi et al. (Telescope Array Collaboration), Astropart. Phys. 64, 49 (2014).
[6] G. A. Askaryan, JETP 14 (1962) 441; G. A. Askaryan, JETP 21 (1965) 658.
[7] P. W. Gorham et al. (ANITA Collaboration), Phys. Rev. Lett. 99, 171101.
[8] P. Allison et al. (ARA Collaboration), Astropart. Phys. 35, 457 (2012).
[9] S. W. Barwick et al., (ARIANNA Collaboration), Astropart. Phys. 90, 50 (2017).
[10] P. W. Gorham et al., (ANITA Collaboration) Astropart. Phys., 32:10-41, 2009.
[11] M. G. Aartsen et al. (IceCube-Gen2 Collaboration), http://arxiv.org/abs/1412.5106.
[12] M. G. Aartsen et al. (IceCube-Gen2 Collaboration), Neutrino astronomy with the next-generation
IceCube Neutrino Observatory, ASTRO2020 decadal survey:
https://sites.nationalacademies.org/DEPS/astro2020/index.htm.
[13] D. Besson et al., Nucl. Instrum. Meth. A604 (2009) S179-S181.
[14] M. G. Aartsen et al. (IceCube Collaboration), Astrophys.J. 833 (2016) no.1, 3.
[15] https://epjc.epj.org/articles/epjc/abs/2000/03/epjc0196/epjc0196.html
[16] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018).
[17] P. Allison et al., (ARA Collaboration), Design and Performance of an Interferometric Trigger Array
for Radio Detection of High-Energy Neutrinos, ArXiv e-prints (Submitted to NIM),
arXiv:1809.04573 (2018).
[18] J. Avva et al., (ARA Collaboration), Development Toward a Ground-Based Interferometric Phased
Array for Radio Detection of High Energy Neutrinos, Nucl. Instrum. Meth. A869, 46 (2017).
[19] D. Chirkin and W. Rhode, arXiv:hep-ph/0407075.
[20] K. Kotera, D. Allard & A. V. Olinto, JCAP 1010:013, 2010.
[21] M. Ahlers et al., Astroparticle Physics 34, 106 (2010).
[22] J. A. Aguilar et al. (RNO Collaboration), The Next-Generation Radio Neutrino Observatory –
Multi-Messenger Neutrino Astrophysics at Extreme Energies ASTRO2020 decadal survey:
https://sites.nationalacademies.org/DEPS/astro2020/index.htm.
[23] K. D. De Vries, K. Hanson, T. Meures, Astroparticle Physics, 60 (2015) 25.
[24] K. De Vries et al., PoS(ICRC2017)1049.
8
